The validity of using the RNA : DNA ratio, glycogen content, and C : N ratio in the columellar muscle as indicators of the nutritional condition in the Japanese turban shell Turbo cornutus was examined. These biochemical indices were compared between fed and starved animals. The fed animals were fed brown algae to satiation for 108 days as a control, whereas the starved animals were not fed for the first 75 days and then fed for next 33 days. All three indices declined during the starvation period, and the values for the starved group were significantly lower than those for the fed group during days 20-75. At day 108, after the re-feeding period, the indices for the starved group were found to have increased. Among the indices, only the RNA : DNA ratio for the starved males responded rapidly to starved conditions and became significantly lower even at day 4, and only the RNA : DNA ratio for the starved males and females recovered to those levels of the fed animals at day 108. The results indicated that the RNA : DNA ratio is the most rapid indicator of nutritional stress among the three indices. However, it is recommended that glycogen content and C : N ratio be used in addition to the RNA : DNA ratio for monitoring the health of T. cornutus as the RNA : DNA ratio showed large variations.
INTRODUCTION
The Japanese turban shell Turbo (Batillus) cornutus, a commercially important species for local fisheries, has a wide distribution in coastal Japan. 1 Since its wild stock has been decreased in some places, stock enhancement has been experimentally attempted by releasing cultured juveniles. 2 For effective stock enhancement, high survival and growth rates of the released juveniles are important. As survival and growth are affected by food supply, monitoring the nutritional conditions of juveniles is necessary.
As an indicator of the nutritional condition, biochemical indices such as the RNA : DNA ratio and glycogen concentration in tissues have been used in molluscs, especially in bivalves. [3] [4] [5] [6] [7] [8] [9] [10] The quantity of DNA per cell is considered to be a species constant, and the quantity of RNA is primarily associated with the quantity of ribosomes. 11 The RNA : DNA ratio is related to the quantity of ribosomes per cell and thus has been proposed as an index of the protein synthesis activity in the animal. Because protein synthesis requires amino acids and energy, the RNA : DNA ratio will respond to the nutritional conditions. 11 Glycogen is stored abundantly in several tissues, including muscles, as an energy store in molluscs, 12, 13 and the content of glycogen reflects the nutritional conditions. 14 However, to our knowledge, research on the biochemical response to nutritional stress in gastropods has been limited to only a few species, such as the land pulmonate gastropod Megalobulimus oblongus, the disk abalone Haliotis discus
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Analysis
The columellar muscle was homogenized in pure water (40-60 mg-tissue wet weight/mL). The RNA : DNA ratio in the homogenates was determined according to a spectrophotometric method described elsewhere. 3 The muscle glycogen concentration was determined according to a method reported elsewhere 19 using a glucose determining kit (Glucose-CII-test-Wako; Wako Pure Chemical Industries Ltd, Osaka, Japan). Briefly, glycogen in the homogenates was extracted using KOH digestion and ethanol precipitation based on the method of van Handel, 20 and was determined as glucose after acid hydrolysis using the aforementioned kit. Oyster glycogen (Sigma Chemical Co., St Louis, MO, USA) was used as a standard. The homogenate (4 mL) was lyophilized and weighed to determine the dry weight of the tissue. An aliquot of the dried homogenate was subjected to a CHN analyzer (MT-5; Yanako Analytical Instruments Co., Kyoto, Japan) to determine the content of carbon and nitrogen. The condition index (CI) was calculated as [Dry flesh weight (mg)]/ [Operculum diameter (mm)]. 3 The intra-assay coefficients of variation were less than 7% (n = 8) for the determination of the RNA : DNA ratio and glycogen content.
Statistics
Mann-Whitney's U-test was used to compare the data between fed and starved groups and between sexes for each sampling day. Dunn test after Kruskal-Wallis test was used for multiple comparisons of the time-course changes for data of each group. 21 Correlation between temperature and food consumption and among the indices were examined using Pearson's correlation test.
RESULTS

Temperature and food consumption
The water temperature varied around 23∞C in the first 4 weeks, reached 24.7∞C on day 28, and then decreased gradually until the end of the experiment (Fig. 1a) . The mean food consumed by the fed group for each of the five days decreased gradually during the experiment (Fig. 1b) . The mean water temperature and mean food condiscus, and the South African gastropod Turbo sarmaticus. [15] [16] [17] In addition, the RNA : DNA ratio has not been used as a biochemical index. In the present study, we evaluated the RNA : DNA ratio, glycogen concentration, and C : N ratio in tissues as biochemical indicators of the nutritional condition in T. cornutus by comparing these indices between fed and starved animals.
MATERIALS AND METHODS
Experiment
Adult T. cornutus (bodyweight 64-127 g) were purchased from a local fisherman in Awa-shima Island, Niigata prefecture, Japan. These were caught around Awa-shima Island. Animals were kept in running filtered seawater at an ambient temperature and photoperiod at the Japan Sea National Fisheries Research Institute, and fed excess brown alga Undaria pinnatifida daily for 49 days until the start of the experiment.
The rearing experiment was conducted for 108 days from 30 July to 15 November in 1993. Fifteen animals were kept in each of 13 aquaria (60 L). On day 0, animals in one aquarium were sampled, and the remaining 12 aquaria were randomly divided into two groups: fed and starved groups. Animals in the fed group were fed excess U. pinnatifida, and those in the starved group were not fed. The remaining food alga was replaced by fresh alga of a known weight daily and weighed after being paper-dried to determine the food consumption. The starved group was fed again during days 75-108. On days 4, 20, 33, 56, 75, and 108, all the animals in an aquarium of each group were sampled to keep the animal densities in the aquaria constant during the experiment. During the experiment, four animals died: one in the fed group and three from each of three aquaria in the starved group. Summer is the spawning season for T. cornutus, 18 but the experimental animals did not spawn probably because of the lack of appropriate stimuli for spawning; thus, animals kept developed gonads throughout the experiment.
At each sampling, bodyweight, operculum diameter, and wet flesh weight were measured, and sex was determined from the color of the gonad. Then, the columellar muscle for each individual was excised, weighed, and stored at -70∞C until undergoing homogenization for analysis. As it was not possible to determine the sex before sampling, the number of samples varied between sexes (fed males, n = 6-12; fed females, n = 2-9; starved males, n = 7-10; starved females, n = 4-8).
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sumption for each five consecutive days were correlated (r = 0.937).
Condition index
Changes in the CI are shown in Fig. 2 . For the fed males, the CI remained at high levels; whereas, the CI decreased gradually from days 0 to 75 for the starved males. The fed males showed a significantly higher CI than the starved males during days 20-75. After the re-feeding period during days 75-108, the CI in the starved males increased slightly, but the difference was not significant (P > 0.05). Females showed similar changes to those of males. The CI was significantly different between the fed and starved females during days 20-75. Between males and females, the CI was not significantly different for days 4-108 (P > 0.05) except on day 0. Figure 3a shows changes in the RNA : DNA ratio for males. In the fed males, the RNA : DNA ratio increased significantly from day 0 to day 20 (P < 0.05). It then decreased on day 33 and, thereafter, remained at a similar level until day 108. In the starved males, the RNA : DNA ratio increased slightly on day 4 and then gradually decreased until day 75. The mean values for the RNA : DNA ratio for the starved males were significantly lower than for the fed males during days 4-75 (P < 0.05). After the re-feeding period during days 75-108, the low ratio values for the starved males recovered to that of the levels of the fed males.
RNA : DNA ratio
Females showed similar changes in the RNA : DNA ratio to the males except on day 4 (Fig. 3b) . 2 Condition index (mean ± SE, n = 2-12) in the (᭹) fed and (᭺) starved groups of (a) male and (b) female Turbo cornutus. The hatched horizontal bars indicate the re-feeding period for the starved group. *Significant difference (P < 0.05) between the fed and starved groups. Points with no common letters (uppercase and lowercase letters for the fed and starved groups, respectively) indicate significant differences (P < 0.05).
In females, glycogen levels were significantly lower than for males on day 0 at the start of the experiment (P < 0.01). In fed females, the level increased during days 0-56 (P < 0.05) and remained high during days 56-108 (Fig. 4b) . For starved females, the level decreased significantly during days 0-75 (P < 0.05), and starved females showed significantly lower levels during days 20-75 compared with fed females (P < 0.05). After the re-feeding period, the levels for the starved females increased significantly (P < 0.05) but were still significantly lower than those for fed females (P < 0.05).
Carbon : nitrogen ratio
In fed males, the C : N ratio was high during days 0-108 (Fig. 5a ). In contrast, the C : N ratio for starved males declined significantly during days
The ratio on day 4 did not differ significantly, probably because of the small number of samples (n = 2 and 5, for fed and starved females, respectively). The ratio for the starved females was significantly lower during days 20-75 compared with the fed females. There was no significant difference in the RNA : DNA ratio between sexes (P > 0.05).
Glycogen
In fed males, high glycogen levels were maintained during days 0-108 (Fig. 4a) . In contrast, levels for the starved males decreased significantly during days 0-75. Starved males showed significantly lower levels during days 20-75 compared with fed males (P < 0.05). After the re-feeding period during days 75-108, levels for starved males increased significantly (P < 0.05), but were still significantly lower than those for fed males (P < 0.05). T Okumura et al.
0-75 (P < 0.05). The starved males showed a significantly lower C : N ratio during days 20-75 compared with fed males (P < 0.05). For starved males, re-feeding during days 75-108 raised the C : N ratio significantly (P < 0.05), although it was still significantly lower than that of the fed males (P < 0.05).
In females, the C : N ratio was significantly lower than in males on day 0 (P < 0.01) as found for the glycogen content. In fed females, levels increased significantly during days 0-75 (P < 0.05; Fig. 4b ), whereas the C : N ratio in starved females decreased significantly during days 0-75 (P < 0.05). The C : N ratio between fed and starved females was significantly different during days 20-75 (P < 0.05). After the re-feeding period, the C : N ratio in starved females increased significantly (P < 0.05) but was still significantly lower than that of fed females (P < 0.05).
DISCUSSION
In the present study, we examined the validity of using the RNA : DNA ratio, glycogen content, and C : N ratio of the columellar muscle as indicators of the nutritional condition of T. cornutus. Among these three indices, the RNA : DNA ratio in starved males first attained a significantly lower value than the fed animals on day 4, whereas the other indices in the starved groups became significantly different from the fed groups on day 20. In addition, the RNA : DNA ratio was the only index that increased significantly and recovered from low levels in the starved group to reach levels similar to those of the fed animals by re-feeding. Because the RNA : DNA ratio showed the shortest latency period to starvation and the most rapid recovery by re-feeding, it is concluded that the RNA : DNA ratio is the most rapid indicator among the three indices used for T. cornutus.
The sensitivities of the biochemical indices in molluscs had not been directly compared before the present study, but decreases in each of the tested biochemical indices during starvation have been reported in gastropods and bivalves: the RNA : DNA ratio in the American oyster Crassostrea virginica and the glycogen content in the Pacific oyster Crassostrea gigas, M. oblongus, H. discus discus, and the freshwater mussels Amblema plicata and Quadrula pustulosa. 3, 4, 15, 16, 22 Among Crassostrea species, the RNA : DNA ratio showed a significant decrease three days after the start of starvation in C. virginica, 3 whereas the glycogen content did not show any differences between fed and starved C. gigas for approximately 2 months. 4 These results suggest that the RNA : DNA ratio responds to starvation more rapidly than glycogen in Crassostrea species. It is likely that the rapid decrease in the RNA : DNA ratio during starvation is a common feature in molluscs, as described in fish. 11 These characteristics of the biochemical indices may be explained as follows. When animals are faced with starvation, they reduce growth and their metabolic rate to withstand starvation. Reduced growth and metabolic rates allow a rapid decrease in the protein synthesis activity and maintain the level of energy stored. Thus, starvation causes a rapid decrease in the RNA : DNA ratio as an indicator of protein synthesis, and a slower decrease in muscle glycogen as an indicator of energy storage.
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The RNA : DNA ratio of the fed group showed a large variation among both sexes (males 1.22-2.67, females 1.12-2.83), as shown in Fig. 3 . Food consumption, temperature, and the reproductive cycle are known to influence the variation in the RNA : DNA ratio. 3, 9 Although animals of the fed group of the experiment. During the experiment, the glycogen levels of fed females increased significantly and were then maintained at a high level. Conversely, fed females had developed gonads, indicating that they did not need further large amounts of energy for gametogenesis. These results suggest that females recovered their glycogen levels after energy consumption for gametogenesis and then maintained them during the experiment. Additionally, fed males showed a similar pattern in glycogen levels to that of fed females. Males also seemed to recover their glycogen levels during the experiment, although the loss of energy storage as a result of gametogenesis was small. Furthermore, for T. sarmaticus, glycogen levels in foot tissues decreased from the prespawning season to the postspawning season. 17 As reproductive status is an important factor in the fluctuation of glycogen content, it is necessary to consider the reproductive status of T. cornutus when using glycogen content as an indicator of nutritional conditions. The C : N ratio changed in a similar manner to glycogen content, and both indices were highly correlated (r = 0.942 and 0.965 for males and females, respectively). This relationship has been reported previously for the foot tissue of the ormer Haliotis tuberculata. 23 To explain this correlation, it is likely that carbon is contained mainly in proteins, carbohydrates, and lipids, but nitrogen is contained mainly in proteins. Because glycogen is a major source of carbon in the gastropod muscle, the C : N ratio may change in a similar manner to glycogen; hence, the C : N ratio is similar to glycogen content as an indicator of nutritional conditions.
The CI also changes in a manner similar to glycogen content and the C : N ratio. It showed a relatively higher correlation to glycogen content and the C : N ratio (r = 0.652-0.686) than to the RNA : DNA ratio (r = 0.409 and 0.594 for males and females, respectively), suggesting that the flesh weight increased chiefly because of glycogen accumulation rather than because of protein synthesis. The results indicate that the CI is useful as a nutritional indicator in addition to glycogen and, furthermore, it is easy to measure and hence a more convenient index to use. However, it may vary from one sampling site to another because it depends on the shapes of shell, which are affected by environmental conditions such as wave exposure and tidal levels. 1 Consequently, the CI is probably valid for seasonal changes at the same sampling site or for comparisons among sites with similar physical environmental conditions.
In the present study, we evaluated biochemical indices for T. cornutus as indicators of nutritional were fed to satiation, their food consumption declined gradually during the experiment (Fig. 1) . The high correlation between food consumption and water temperature suggests that the gradual decline in food consumption was affected principally by temperature. Because the RNA : DNA ratio changed in a manner that was different from food consumption and temperature, neither of these factors seemed to explain the large variation in the RNA : DNA ratio. In addition, animals remained at a mature stage without spawning and did not show a significant variation in their reproductive conditions throughout the experiment, indicating that constant reproductive status was not a major cause for the variation in the RNA : DNA ratio. Most likely, other unknown factors were the cause for the large variation in the RNA : DNA ratio.
For the time-course changes, the RNA : DNA ratio of the starved T. cornutus did not reach significantly lower levels during the non-feeding period when compared with at day 0 (start of the experiment) (Fig. 3) . Compared with the timecourse changes, differences between the fed and starved groups became significant by day 20. These differences reflect the effect of starvation and, conversely, time-course fluctuations among the starved group can respond to other unknown factors related to the time-course. Fed groups showed a significant increase in the RNA : DNA ratio by day 20, which perhaps resulted from unknown factors as discussed earlier. A similar phenomenon is likely to have occurred in the starved group, although a significant increase was not observed. This potential increase in the RNA : DNA ratio possibly delayed the significant time-course decrease related to starvation in the starved group.
Although it was a less rapid index than the RNA : DNA ratio, glycogen content showed clear changes; glycogen content was high in fed animals but gradually decreased in starved animals. Regardless of the gradual decline in temperature and food consumption, a high glycogen content level was maintained in fed animals. This is perhaps because the decline in temperature reduced their metabolic activity, maintaining energy storage. Glycogen content in T. cornutus did not appear to be strongly influenced by temperature.
Interestingly, glycogen content in females at day 0 was significantly lower than in males. Glycogen is required during gametogenesis as a nutrient source.
14 Females perhaps utilize more energy for gametogenesis than males because of yolk accumulation; hence, females used up more glycogen during the maturing season before the start of the experiment, resulting in the low levels at the start T Okumura et al.
conditions in a rearing experiment. The RNA : DNA ratio responded rapidly to changes in nutritional conditions. This index seems to have the potential to indicate the nutritional conditions for monitoring the health of the wild gastropod stock. However, this index showed a large variation in the fed group and a slow decrease in the starved group. These variation patterns suggest that the RNA : DNA ratio is responsive to several unknown factors in addition to nutritional conditions. Using only the RNA : DNA ratio during a monitoring program is not recommended without adequate controls or prior knowledge when estimating the influence of other factors. Although the glycogen content and C : N ratio do not respond rapidly, they are robust indicators, and their use in addition to the RNA : DNA ratio will improve accuracy when estimating nutritional conditions. As the glycogen content and C : N ratio are influenced by environmental temperature and reproductive status, it is necessary to consider these factors when using these two indices in a monitoring program.
